Abstract. Soil seedbanks play a key role in the post-fire recruitment of many plant species. Seedbank diversity can be influenced by spatial variability (e.g. geographic location), environmental variability (e.g. soils) and temporal disturbance heterogeneity (e.g. time since fire, TSF) across the landscape. Unlike for aboveground vegetation, relationships between these factors and soil seedbank diversity remain largely unknown. Partitioning the influence of spatial and environmental variability from that of TSF, and explaining how these factors interact with seedbank diversity, will assist conservation managers in their application of prescribed burning. We germinated soil seedbank samples from sites ranging from 1 to 75 years since fire in a heathy-woodland ecosystem across the Otway Ranges in Victoria, Australia. We also measured spatial and environmental variability across sites to partition the influence of these variables and TSF on propagules available for recruitment. We found weak positive relationships between seedbank richness and TSF; however, these relationships varied across the landscape. We found composition did not change considerably over time, suggesting, in this ecosystem, pre-fire age is not strongly influencing propagules available for recruitment post-fire. Our results suggest that spatial and environmental variability influence seedbank composition more than TSF.
Introduction
Understanding how ecological diversity responds to disturbance is an important part of managing and conserving ecosystems (Levin and Paine 1974; Hall et al. 2012) . The process of vegetation succession following disturbance is characterised by a sequence of changing plant communities over time (Kimmin 2004) . Classic models of plant succession have described an early post-disturbance increase in species diversity as pioneer species recruit, a climax in the mature stages as species co-exist and a decrease thereafter as the shorter-lived species senesce (Connell 1978) . However, empirical research indicates that this humped shape plant-succession-diversity relationship rarely occurs (Randall Hughes et al. 2007) . In reality the relationship varies with ecosystem, region, disturbance type and disturbance severity, indicating that a single unified theory of succession in plant diversity is unlikely (Christensen 2014) . Disturbance type and severity can influence subsequent plant-disturbanceregeneration trait responses (Bellingham and Sparrow 2000) and rates of ecosystem structure and competition process restoration (Keeley 2009 ). This variation has resulted in considerable debate regarding the merit of classic theories (Fox 2013) , with models of plant-diversity-disturbance relationships becoming more complex, stochastic and region specific (Richards et al. 1999; Korovin et al. 2011) .
Despite debate around the nature of the relationship between plant diversity and time since disturbance, forest managers worldwide are classifying and managing biodiversity in ecosystems based on developmental stages (Benkobi and Uresk 1996; Andison and Marshall 1999; Cheal 2010; Burrows and McCaw 2013) . Known synonymously as successional, seral or growth stages, they are defined using the ecological characteristics of co-occurring vascular plant species. These characteristics include species developmental traits (time to reproductive maturity or mortality), functional and fire persistence traits, and relationships to regional physiographic variables (Cheal 2010) .
Fire persistence traits in plants include re-sprouting from lignotubers or epicormic buds (termed re-sprouting), germinating solely from seeds banked in the soil or canopy (termed obligate seeding), or both in combination (termed facultative) (Noble and Slatyer 1980; Pausas et al. 2004) . Soil-banked seed can be transient or persistent (Garwood 1989) , leading to changes in composition and therefore propagules available for recruitment over time. Transience and persistence is influenced by life history traits, seed production, seed dormancy mechanism (Thompson and Ooi 2010) , seed morphology and seed longevity (Auld et al. 2000) , all of which are species specific. Seed produced early after disturbance can enter the soil profile and remain dormant but viable for many years (Livingston and Allessio 1968) . This persistence is often related to seed size and shape (Garwood 1989) , due to the higher burial probability of smaller seed with rain percolation into soil (Warr et al. 1993) or ant harvesting (Beaumont et al. 2011) . Soils with higher water-holding capacity can stimulate germination of non-dormant seed while also speeding up the degradation of dormant seed in the soil (MorenoCasasola et al. 1994) . Therefore, the physical and chemical properties of soil can directly affect the composition of propagules available at the time of disturbance (Warr et al. 1993) .
The soil seedbank plays an important role in plant community conservation (Amiaud and Touzard 2004) . Despite this importance, forest managers typically focus on the diversity-disturbance relationships of aboveground vegetation communities (Cheal 2010; Suganuma et al. 2014) . It is theorised that soil seedbank diversity should increase and then decrease with time since disturbance (Amiaud and Touzard 2004) . However, empirical research has found a continual increase (Milberg 1995) , continual decrease (Pickett and McDonnell 1987; Roberts and Vankat 1991; Bakker et al. 1996; Omand et al. 2014) or no pattern (Ne'eman and Izhaki 1999; Wills and Read 2007) over time. These findings match those described for aboveground vegetation: a lack of a single unified pattern of change (Christensen 2014) . Soil seedbank research has mostly occurred in longabandoned grasslands, Juniperus shrub lands or tropical forests. There is a relative paucity of research on soil seedbank dynamics in sclerophyllous forest ecosystems with dense shrub understories (Parker and Kelly 1989; Auld et al. 2000) . Species with soil-stored seed dominate these ecosystems (Auld et al. 2000) , suggesting this seedbank will be important for their post-fire persistence (Keeley 1991; Pausas et al. 2004) .
Within the Mediterranean sclerophyllous shrubby ecosystems of Australia, prescribed burning is occurring across a diverse range of environmental conditions. This burning is predominantly a fuel reduction treatment aimed at wildfire risk reduction to human life and assets; however, it is also increasingly being used for the protection and promotion of ecological values (Penman et al. 2011) . In south-west Australia, prescribed fire is used to manage fire regimes and conserve biodiversity through the maintenance of spatial and temporal patterns of growth stages (Burrows and McCaw 2013) . In south-east Australia, the growth stage classification model has formed the basis of prescribed burning practices for wildfire management (Cheal 2010) . Land managers in Victoria, south-east Australia, are attempting to apply a suite of prescribed burning regimes to create a mix of growth stages across a landscape as a means of conserving biodiversity (Di Stefano et al. 2013) . However, spatial variability in plant-diversity-disturbance dynamics are not well understood in shrub dense forest ecosystems, such as heathy-woodland, where this burning generally occurs (Cheal 2010) . Soil seedbank diversity can be influenced by spatial variability (e.g. geographic location) (Ne'eman and Izhaki 1999), environmental variability (e.g. soils) (Warr et al. 1993) and temporal (e.g. time since fire, TSF) (Zammit and Zedler 1988) heterogeneity. Understanding the relative influence of each of these factors will assist managers in conserving biodiversity through prescribed burning.
In this study, we examined the species richness and composition of a soil seedbank with increasing TSF, environmental variability and spatial variability in a fire-prone heathy-woodland in the Greater Otway National Park of south-east Australia. A combination of wildfire and prescribed burning has created a range of TSF, which have been categorised into growth stages from juvenile to old (Department of Primary Industries 2013).
To disentangle the independent effects of TSF, environment and space at a landscape scale, we examined the soil seedbank in heathy-woodland within three discrete regions within the Park. We had two primary aims. First, we examined species richness of the seedbank with TSF in each region to test for discernible patterns. Second, we examined the drivers of seedbank composition by exploring the role of fire, environmental factors and spatial variability separately and in interaction. We predicted that, as with the aboveground flora (Cohn et al. 2015) , environmental and spatial variability would influence seedbank diversity more than would TSF. This research will inform managers about soil seedbank dynamics within the 'successional stages' used to manage plant diversity and test the appropriateness of current management practices in this region.
Materials and methods

Study area
The study area is located within the heathy-woodlands of the Otway Ranges region, 130 km west of Melbourne in south-east Australia (Fig. 1) . The climate is Mediterranean type (Dodson 2001) , with warm summers, mild winters and winter-dominant rainfall. The vegetation is dry sclerophyll, characterised by a low Eucalyptus baxteri (Benth.) Maiden & Blakely ex J.M. Black (Brown Stringybark)-dominated overstorey and diverse heathy understorey. This community has been described as heathy-woodland in the Ecological Vegetation Class (EVC) classification system used in Victoria (Department of Sustainability and Environment 2012). Three discrete heathy-woodland regions exist around the townships of Anglesea, Forrest and Carlisle River (Fig. 1a) . Although classified as the same EVC, land managers have described two slightly different forms of heathy-woodland within the three regions. The first is common and widespread around Forrest and Carlisle River, and the second around Anglesea. Common understorey species used to classify the two forms are listed in Table S1 in the Supplementary material, available online only. Wildfire last burnt the Anglesea region in 1983 and the Forrest and Carlisle River regions in 1939. Since 1983, all regions have been the subject of prescribed burning, resulting in a highly heterogeneous fire history within the heathy-woodland, making it particularity suited to research regarding plant seedbank richness and composition in response to TSF. The three regions also differ in annual average rainfall and temperature (Table 1) , allowing investigation of potential interactions between post-disturbance diversity processes, environmental variation and regional productivity.
Using fire history layers from geographic information system (GIS) datasets, the landscape was stratified into categories that represent growth and development stages in post-fire heathywoodland (Cheal 2010) : 0-3 (juvenile); 4-10 (young); 11-30 (mature); and .30 (old) years since fire. Local forest managers refer to these as 'growth stages'; however, in the context of this research they will be called 'successional stages'. Fig. 2 illustrates the vegetation structure and biomass consistent within the four stages. Using a chronosequence approach we established 71 sites, representative of the four successional stages, across the three regions (Table 1 ). The chronosequence method is a space-for-time sampling tool for studying the temporal dynamics of plant communities across multiple timescales (Walker et al. 2010 ). An assumption of using TSF as a temporal scale is that the resulting community dynamic is a consequence of the last fire, and not the entire fire history or last fire type (prescribed or wildfire). Chronosequences are suitable for measuring plant diversity and soil characteristic changes at decadal to millennial timescales. Therefore, at the timescale sampled here (1-75 years) this approach is appropriate (Walker et al. 2010) . Further, this was a natural experiment, meaning an optimal sampling design with sites having identical fire histories is difficult to achieve. We have attempted to address the assumptions of this design through independent ageing of sites (see below) and including fire history parameters in the data analyses. Criteria for site selection included (1) heathy-woodland of a minimum size of 1 ha; (2) being burnt by separate fires allowing sample independence (Fig. 1b) ; and (3) replicating each successional stage (Table 1) . Different wildfire histories between regions resulted in an unbalanced design with some small sample sizes, which was addressed by using TSF as a continuous variable in most analyses (indicated in the Methods), rather than successional stage as a categorical variable.
Heathy-woodlands have a high understorey biomass with an often-sparse overstorey. Fuel reduction fires often aim to reduce around 90% of this understorey biomass (Department of Primary Industries 2013), meaning prescribed fire is often more severe than in adjacent ecosystems and somewhat congruent with the effects of wildfire. For this reason, we assumed the most recent fire consumed all understorey biomass at our sites, and the next fire will do the same, resetting the system to the juvenile stage. This assumption is important, as the purpose of this research is to ascertain if burning at different TSF would result in different juvenile stage compositions from the soil seedbank, or if there is no difference; meaning juvenile compositions are independent of pre-fire successional stage. To validate the GIS mapping of TSF and the assumption of understorey consumption in the last fire at the site scale, we independently aged at least 30 individual Banksia marginata shrubs using growth whorls (Jenkins et al. 2005) .
Sampling and treatment
Transects were established randomly within each site, extending from ridge to gully, to sample topographic variation. At each of three positions (ridge, mid-slope and gully), two 3 Â 3-m quadrats were sampled (Fig. 1c) . Small soil cores (6-cm diameter, 5-cm depth) were extracted at 13 positions in each quadrat and bulked, resulting in three composite soil samples per transect (26 cores per topographic position). Cores sampled the top 5-cm soil layer where most seeds are found (Carroll and Ashton 1965) and surface litter was included (i.e. in the soil core) as a source of fresh seed (Enright and Kintrup 2001) . The sampling intensity of soil per experimental unit of six quadrats (78 soil cores, 0.22 m
À2
, 1.10 m 3 , 0.41%) was consistent with similar studies (Enright and Lamont 1989; Wills and Read 2007) . Soil cores were collected in the two consecutive autumns (February-April of 2013 and 2014) to capture seeds released in spring and summer (Enright and Kintrup 2001) .
For logistical reasons, composite soil seedbank samples were treated separately, and then the data pooled for the whole transect (the experimental unit) for subsequent analyses. Composite soil samples were air dried, sieved (4-mm diameter) to remove litter, rock and other non-soil substrate, and mixed thoroughly. Each composite sample was further divided into three sub-samples for treatment. Smoke and heat enhance the germination of many species within heathy-woodland (Enright and Kintrup 2001) . Therefore, one sub-sample was treated with high heat and smoke, one low heat and smoke, and one no heat or smoke and kept at room temperature (control). High and low heat treatments occurred by heating samples in aluminium trays to a depth of 2 cm in ovens at 958C for 60 and 6 min, respectively. Temperatures were measured at 1-cm depth in each sample using sensors (DS1922 L I-buttons; Maxim Integrated Products, www.maxim-ic.com). The high heat frequently reached 808C, known to maximise germination of hard-coated shrub seeds (Auld and O'Connell 1991) , and the low heat frequently matched the 30-508C found to promote sedge and grass species germination (Warcup 1980 ). We applied smoke to the heated soil samples after they had cooled. Smoke water production followed Enright and Kintrup (2001) , using a combination of fresh and dry foliage from Eucalyptus baxteri and associated understorey shrub species. Pre-heated sub-samples were soaked with 400 mL of smoke water, mixed thoroughly, and allowed to sit. Heat and smoke were used in combination to maximise germination, rather than to compare results from treatments. Soil seedbank samples were spread to 2.5-cm depth within plastic seedling trays and placed randomly in a climate-mediated (,168C at night and 268C during the day) glasshouse with automatic irrigation. Due to limited glasshouse space, two trial periods ran from August 2013 to January 2014 and May 2014 to October 2014, each for 24 weeks. Tray positions were re-randomised throughout the trial to reduce position bias. Identifying, counting and removing of seedlings occurred periodically to reduce competition and increase germination. Identification occurred through reference to expert opinion and available literature (Walsh and Ross 2003; Mayfield 2013; Bull 2014) . Once germinates ceased appearing, we turned the soils to promote germination of any remaining seeds within the soil profile.
We derived environmental variables from digital data layers and measurements in the field at the time of sampling (Table 2) . Data layer variables included landscape parameters obtained from CSIRO soil and landscape grids (CSIRO 2015); site-scale climatic variables obtained from spatial interpolations of monthly data between 1950 and 2000 (WorldClim 2013); and site-scale fire variables generated from spatial datasets in ArcMap 10. In addition to those described above, we collected 18 soil samples (three within each quadrat) using bulk density rings (6.5-cm diameter, 5-cm depth) (Fig. 1c) to measure site-scale soil bulk density, organic matter content, particle size, pH and electrical conductivity (Roberts 1986; Carter 1993) (Table 2 ).
Statistical analyses
Aim 1: Species richness patterns with time since fire
Regression analysis examined relationships between species richness of the seedbank (response variable) and TSF (predictor variable).We used TSF as a continuous variable here as we were interested in the functional form of richness patterns along a continuous scale. We fitted linear, quadratic and logarithmic models to the raw data for each region separately, and the raw data pooled across all the regions. To explore the effect of the spatially nested design at a landscape scale (raw data pooled across all regions), we used linear mixed models (LMMs), which rely on the response variable (in this case richness) having a normal (Gaussian) distribution (Quinn and Keough 2002) . Count data, such as richness, would normally have a Poisson distribution (Bolker et al. 2009 ); however, data exploration indicated LMMs were appropriate. We used region as a random effect and TSF, site location (latitude and longitude), and average annual rainfall as fixed effects. We modelled the single, additive and multiplicative effects of each fixed variable. Constrained ordination procedures explored site-and landscape-scale influences on seedbank composition. This technique allowed us to determine which set of environmental variables best explained seedbank composition (Ter Braak and Š milauer 2012), and if they were acting independently of fire. We initially included TSF as a continuous predictor variable; however, its contribution was small so it was subsequently omitted from further modelling. We were also more interested in examining the temporal processes influencing composition with TSF, rather than time itself. To produce an independent subset, collinearity in environmental variables was reduced using principal components analysis and normality of the remaining checked (IBM SPSS Statistics ver. 20; IBM 2011). Abundance data were log(x þ 1) transformed to reduce the influence of abundant species. Initial de-trended canonical correspondence analysis results indicated short gradient lengths (i.e. linear relationships) and the use of redundancy analysis (RDA) was appropriate (Ter Braak and Š milauer 2012).
To account for spatial structuring of seedbank composition variation, a matrix based on the latitude and longitude of each site was constructed containing the terms for a cubic trend (Borcard et al. 1992) . By using this method we were able to separate and partition the effects of spatial variability from the effects of environmental variability (Š milauer and Lepš 2014). Partial-redundancy analysis (pRDA) then described the capacity of the measured environmental variation to explain seedbank composition after controlling for the effect of spatial variation. Forward selection determined the marginal and conditional effect of each environmental and spatial variable on composition during each ordination procedure (RDA, surface polynomial construction and pRDA) and built an environmental model that best explained total variation. Monte Carlo permutation (999 permutations) tested the statistical significance of the relationship between the species matrix and each environmental and spatial variable, with those significant (P # 0.05) added to the model. Variance partitioning (Borcard et al. 1992 ) then enabled separation of the drivers of seedbank composition into the independent effect of (a) environmental variability; (b) spatial variability; and (c) the shared effect attributable to spatio-environmental co-variation.
Analyses were completed using CANOCO for Windows ver. 5.03 (Ter Braak and Š milauer 2012). To facilitate interpretation of these composition models, we tested for relationships between the contributing environmental variables and TSF, latitude, and longitude (as continuous variables) using correlation analysis, and fire count (fire history), last fire type (fire history) and region (as categorical variables) through univariate ANOVA analysis (IBM SPSS Statistics ver. 20 (IBM 2011)).
To further explore patterns in composition with TSF, we calculated the relative abundance and absolute densities (seedlings m
À2
) of different functional groups (life form and fire persistence traits) within the successional stages. Life forms included shrub, herb, sedge and grass. Fire response traits included facultative (R/S), obligate seeding (S) and re-sprouting (R). Here we used successional stage as a categorical variable.
Results
A total of 26 923 seedlings germinated. We identified 92 species, with a further 6 taxa identified to genus level. This included 43 shrub and sub-shrub species (termed shrubs hereafter), 31 herbs, 11 sedge, 5 grass, 1 twiner and 1 tree species (Table S1 ). Of the seed-banking species listed in the aboveground EVC classification, 98% were present in the juvenile and young stage seedbanks, 92% in the mature and 75% in the old (Table S1) . ), accounting for 64% of all seedlings. Soil treatments promoted germination of sedge, grass and hard-coated shrub seeds. Banksia whorl counts were significantly correlated with GIS fire history mapping (r ¼ 0.85, P , 0.001), indicating this method was a useful validation tool. However, this correlation was stronger within the range of 2-20 years, after which the Banksia whorls underestimated the TSF reported on the fire mapping.
Aim 1: Species richness patterns with time since fire
Regression modelling suggested no consistent pattern in seedbank richness with TSF. Different models were significant (P # 0.05) for each region and all had low explanatory power (R 2 values, Table 3 ). Model selection techniques indicated that for Anglesea a logarithmic model and for Carlisle River a linear model best fit the relationship, although other models, being within two AICc scores, had a similar degree of support. The quadratic model had the best fit for explaining the relationship in Forrest (Table 3, Fig. 3) . Each model of best fit was significant but had consistently low explanatory power. The models did, however, describe a consistent initial increase in richness in the early years since fire, after which patterns differed throughout the later years (Fig. 3) .
Across all regions, the pooled data suggested significant patterns in seedbank richness using all three models. AICc scores indicating the linear model best explained this pattern, although again its explanatory power was low (Table 3, Fig. 3 ). With the inclusion of covariates, LMMs suggested richness was best explained with the interactive fixed effects of TSF and site location, and the random effect of region (Table 4 ). This interaction indicates that TSF best explained richness across the landscape when the spatial nesting of sites within each region was accounted for. Average annual rainfall was highly correlated with site location (r ¼ À0.902), and therefore used as a covariate in a separate model. The inclusion of rainfall also improved model fit (Table 4) .
Aim 2: Composition change with time since fire, environmental variability and spatial variability
Overall, environmental, spatial and spatio-environmental variability described 32.2% of the variation in seedbank composition. The initial RDA showed that spatial variability (X 2 þ Y 2 þ X Â Y) accounted for 16% of variation in seedbank composition (pseudo-F ¼ 13.4, P ¼ 0.002). Environmental variability initially described 20.4% of composition variation using a model with five environmental variables (bulk density, basal area, northness, clay content and silt content). When accounting for space (pRDA), this environmental model independently described 16.2% of the variation, indicating that 4.2% was attributed to shared co-variation (Table 5 ). Spatial variability independently described 11.4% of the variation. All five environmental variables had only a small spatial component in the variation they explained, ranging between 0.2 and 5.2% (Table 5) . Variation in the environmental variables that influenced composition increased with age as successional stage groupings became less defined (Fig. 4) . ANOVA results reported that basal area, northness and silt content did not differ significantly between fire variable categories, suggesting they were likely making independent contributions (Table 6 ). Bulk density differed significantly between regions (Table 6 ), suggesting it is part of the spatially structured environmental component (4.2%). As expected, bulk density was negatively correlated with soil sand (r ¼ À0.395, P # 0.001) and organic matter (r ¼ À0.477, P # 0.004) content. Bulk density also varied significantly between successional stages, primarily due to a lower density observed in the juvenile stage. Clay content varied significantly between successional stages, due to the soil in the mature stage having a higher content. Both these results are evident in the pRDA ordination results (Fig. 4) . Fire frequency varied significantly with northness, suggesting that prescribed burns often occur more on north-facing slopes.
Relative and total abundances of each functional group contributing to the composition of the soil seedbank changed but did not follow a consistent pattern with TSF. All groups were represented in each successional stage (Fig. S1 , showing only groups that changed). Facultative (R/S) shrubs contributed most to the overall composition in each successional stage and region, although the overwhelming abundance of Epacris impressa influenced these results. Between regions, we found the relative abundance of (R/S) shrubs, 34 species in total, higher at Forrest (driven by the single species Epacris impressa), (R) sedges higher at Anglesea, and (S) herbs higher at Anglesea and Carlisle River. The density (seedlings m À2 ) of (R/S) shrubs increased and then decreased with TSF in both Anglesea and Carlisle River. The density of (R) sedges decreased with TSF at Carlisle River.
Discussion
We found a weak positive relationship between soil seedbank richness and TSF; however, the nature of this relationship varied between regions. Results suggest that TSF in combination with spatially structured variability is most likely driving richness patterns. This indicates that regional variation, which could be environmental or climatic, is helping to drive richness patterns. Our results also suggest that environmental and spatial variability are attributing more to variation in seedbank composition than TSF.
The overarching aim of this research was to ascertain if a discernible post-fire plant richness and composition pattern was evident in the seedbank of this heathy-woodland. Further, if a pattern did exist, this research aimed to explain the influence of TSF and/or spatial and environmental variability. Our results suggest no clear richness or composition pattern with TSF, indicating that propagules available for recruitment may stay constant with increasing time. Prescribed burning consumes most aboveground biomass in this ecosystem, indicating a return to the juvenile stage regardless of the pre-fire successional stage. Therefore, and most importantly, our results also suggest that seedbank compositions at both the juvenile and young stages may not be significantly different from stands at older successional stages. These results also highlight that the propagules from all different functional types are likely to be available for recruitment soon after fire. Additionally, most species present in the juvenile and young age class seedbanks are included in the aboveground composition classification list used for growth stage management, indicating that a significant change in species composition post-fire is unlikely. Although no strong relationship between TSF and richness was evident, there was a consistent initial increase in richness early after fire within and across all regions. This indicates that repeated fires at short intervals could favour certain species and functional groups over others (Enright et al. 2015) . Our findings suggest that the soil seedbank richness of this ecosystem does not follow a predictable pattern with increasing TSF. Although significant patterns existed both within and across all regions, relationships were weak and had low explanatory power. Further, there were multiple functional models of best fit in two regions, suggesting that overall the response of seedbanks in heathy-woodland systems of south-east Australia are inconsistent. Given the importance of regionally specific aboveground vegetation patterns, this response is not surprising and suggests that a unified theory on plant richness with succession may not be achievable. However, significant linear relationships were highlighted, contradicting other research undertaken in the same ecosystem (Wills and Read 2007 ) that found no significant relationships, and other ecosystems finding higher richness at early successional stages, which then declined with time (Livingston and Allessio 1968; Pickett and McDonnell 1987; Roberts and Vankat 1991; Amiaud and Touzard 2004) .
We conclude that environmental and spatial variability influenced species composition more than did TSF, which is supported by the findings of Ne'eman and Izhaki (1999) . At a landscape scale, soil bulk density explained the largest amount of variation in seedbank composition, suggesting that it may be the largest driver of variation between regions. Bulk density is influenced by a soil's organic matter content and affects soil water-holding capacity. Lower bulk density often indicates higher organic matter content, as in this case, and greater porosity (Gupta and Larson 1979) , which can lead to higher productivity (Field et al. 2009 ). Higher porosity could also affect the ability of seeds to move into the soil through rain percolation and persist in the seedbank (Warr et al. 1993) . Later successional stage seedbanks still dominated by seed from early successional species have been attributed to this movement (Warr et al. 1993; Silvertown and Charlesworth 2009) . The bulk density of soils can also influence the non-dormant portion of the seed of many species in the inter-fire period. Changes in bulk density can influence soil moisture content, which can stimulate non-dormant seed germination but also speed up the degradation of dormant seed (Moreno-Casasola et al. 1994) .
Our results also suggest that the relative abundance of functional trait groups stays reasonably uniform with TSF (Fig. S1 ). This suggests that a diversity of plant functional traits is present from the initial post-fire period through to later successional stages. Facultative (R/S) shrubs contributed most to the overall composition in each successional stage in each region. This conflicts with the findings of Roberts and Vankat (1991) , who found shrubs absent in early, but present in late succession. Dominance of a single species in the seedbank aligns with the findings of past research within heathlands in general (Granstrom 1988; Zammit and Zedler 1988; Mitchell et al. 1998) . The lack of seed from obligate seeding shrubs (in this case larger seeds) could be attributed to herbivores (Vander Wall et al. 2006) , ant movement to localised positions (Beaumont et al. 2011) or the lack of obligate seeding species in the observed aboveground vegetation (Table S1) .
If the management goal is to maintain species diversity broadly across this ecosystem, then our results indicate it is unlikely that prescribed burning will cause significant changes in aboveground species richness or composition post-fire. However, both the richness and composition data did include a spatially structured component, suggesting that specialised species exist only within a single region or successional stage. For example, Pultenaeae laxiflora (S shrub) (only in old Anglesea) and Hibbertia acicularis (R/S shrub) (only in young, mature and old Carlisle River) are specialist species, with abundant seeds in only one or a few successional stages in a single region. Aotus ericoides (R/S shrub) only occurred in high abundance in the mature stage in Carlisle River and the old stage in Forrest. Epacris impressa (R/S shrub) and Isolepis inundata (S herb) are generalist species, with abundant seeds in all successional stages and regions (Table S1 ). Further, the overlap between the species found in the soil seedbank and those listed in the EVC for aboveground management decreased with TSF, indicating that some species prominent in management decisions considering aboveground species diversity may be disappearing from the seedbank with time. Therefore, if the management goal is to maximise diversity through prescribed burning, management practices should consider the variability in species richness and composition associated with TSF combined with environmental and spatial variability. The current mosaic burning approach (Cheal 2010) , combined with consideration of region-specific environmental processes, may therefore be the most appropriate prescribed burning regime to apply in heathy-woodland communities in south-east Australia.
Research in Mediterranean plant communities suggests that aboveground vegetation may be an important driver of soil seedbank composition (Ne'eman and Izhaki 1999; Rodrigo et al. 2012) . It is likely that the composition of aboveground species is contributing to the unexplained variation in the seedbank researched here. Although such data would contribute to improved models, here we focussed on obtaining a better understanding of the soil seedbank, as this is where the knowledge is lacking in management paradigms. When considering other aspects of the fire regime the influence of aboveground species compositions may be greater. Frequent fire at a site with a high abundance of obligate seeding species aboveground could result in a decline of these species in the soil seedbank. The soil-stored seed of these species could be diminished if inter-fire intervals are too short for seedbank replenishment (Orscheg and Enright 2011; Enright et al. 2015) . The seasonality of the fire could also affect the seedbank response if many of the aboveground species were obligate seeding with physiological dormancy, as they are known to delay germination until post-fire seasonal conditions are advantageous (Ooi et al. 2004; Tuckett et al. 2010) . Fire severity could affect the seedbank response if many of the aboveground species are obligate seeding and serotinous (Cowling et al. 1987) or have hard-coated physically dormant seed (Auld and O'Connell 1991) . However, in this soil seedbank study, our findings suggest a low abundance of obligate seeding species and a high abundance of facultative species. The fact that this is mimicked in the aboveground composition (see Table S1 for both aboveground and seedbank) suggests that, at the community level, heathy-woodland ecosystems may be resilient to a wide range of fire regimes (prescribed, wildfire or in interaction).
Conclusions
Prescribed burning as a management practice is increasing worldwide in fire-prone ecosystems such as heathy-woodlands. Therefore, it is of critical importance to consider the role of seedbanks in the response of the community to these changing fire regimes. Given the importance of seedbanks to the conservation of plant communities, increasing our understanding of plant-soil dynamics is important for developing holistic and robust management regimes. These regimes may need to be regionally specific if we are to prevent homogenising plant diversity and promote the conservation of biodiversity across the distribution of fire-prone woodlands in south-east Australia and beyond.
